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Abstract:  
   In this paper the results of chemical and electrochemical synthesis of Fe-P, Fe-W 
and Fe-Ni amorphous powders, investigations of their structural characteristics, stability and 
processes of their relaxation and stabilization during heating in the temperature range of 20-
1000
oC are presented. 
Keywords: Amorphous alloy, Metallic glasses, Thermal treatment, Crystallization kinetics, 
Phase transformation.  
 
 
 
Introduction 
 
  Amorphous alloys are a relatively new material offering a specific combination of 
properties attracting special interest of many scientist during the last two decades. These 
materials represent a class of material characterized by a structure with the absence of long 
range order atom arrangement [1,2]. For multi-component alloys this is a more universal way 
of their existence. As the first approach amorphous alloys can be considered as two or multi-
component solid solutions, like liquid solutions. However, they possess the typical properties 
of solids. According to intensive experimental investigations, amorphous alloys can be 
obtained practically in any multi-component system. Several methods have been developed 
for obtaining this class of materials. Most of them are based on rapid cooling of liquid metals, 
alloys or their vapors condensing on a cold support in order to achieve strong non-equilibrium 
conditions [3,4]. Electrochemical synthesis of amorphous alloys appears to be highly 
competitive as compared with the aforementioned preparation methods [5]. A characteristic 
peculiarity of this method is the possibility of changing the composition and structure of the 
deposited alloys within a broad range of desired compositions and properties.  
  The amorphous state of matter is, however, structurally and thermodynamically unstable 
and very susceptible to partial or complete crystallization during thermal treatment or non-
isothermal compacting. The latter imposes the knowledge of alloy stability in a broad range of 
temperatures due to different crystallization processes [6] appearing during heating. There are 
three important modes of crystallization involving nucleation and growth processes, depending 
on the composition of a particular alloy: polymorphous crystallization, primary crystallization 
and eutectic crystallization [7]. Polymorphous crystallization is a transition of the amorphous 
phase to a crystalline one without any change in the composition of that phase. There is no 
concentration difference across the reaction front because the concentration does not change. In 
primary crystallization the phase of one of the alloy constituents crystallizes first. The dispersed 
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primary crystallized phase coexists with the amorphous matrix and may serve as the nucleation 
site for secondary or tertiary crystallization. Eutectic crystallization is simultaneous 
crystallization of two crystalline phases by a discontinuous reaction. This reaction takes longer 
than polymorphous crystallization to proceed because the two components have to separate by 
diffusion into two separate phases within the crystallized region. 
  However, by annealing below the crystallization temperature this material undergoes 
structural relaxation processes enveloping two competitive processes: a free volume decrease, 
which lowers the rate of diffusion mass transport and an arranging process which brings the alloy 
closer to the crystallized state by increasing its readiness for crystallization [8]. Physical features 
of amorphous metal alloys are irreversibly changed in the processes of structural relaxation 
occurring slightly below the crystallization temperature.  
  Kinetic properties of amorphous alloys show a correlation between the physical nature of 
anomalous behavior of electronic states density at the Fermi level, thermal conductivity, heat 
capacitance, electrical resistivity and structural inhomogeneities in these materials. 
  
 
Experimental procedure 
 
  The thermal stability was investigated by non-isothermal thermal analysis (DSC) using a 
Du Pont Thermal Analyzer (model 1090). In this case, samples weighing several milligrams 
were heated in the DSC cell from room temperature to 700°C in a stream of nitrogen at normal 
pressure at heating rates of 5, 10, 15, 20 and 40 K/min. 
  The X-ray powder diffraction (XRD) patterns were recorded on a Philips PW-1710 
automated diffractometer using a Cu tube operating at 40 kV and 30 mA. The instrument was 
equipped with a diffracted beam curved graphite monochromator and a Xe-filled proportional 
counter. For routine characterization, diffraction data were collected in the range 2Θ Bragg 
angles, 4-100° counting for 0.1 seconds. A fixed 1° divergence and 0.1 mm receiving slits 
were used. Silicon powder was used as an external standard for calibration of the 
diffractometer. All XRD measurements were recorded on solid samples in powder form at 
ambient temperature. Prior to XRD experiment the samples were heated to elevated 
temperatures for 20 minutes in nitrogen atmosphere. 
  The unit cell dimensions of crystallized alloys were calculated from powder data by 
the least square refinement procedure using the Lsucripc program [9]. Crystallite size 
dimensions i.e. the length of coherent ordered structure (<DHKL>Å), were determined by using 
an interactive Windows program for profile fitting and size analysis Winfit [10].  
  The microstructure and compositional homogeneity of the obtained samples were 
investigated by a JOEL-JSM 5300 scanning electron microscope. Prior to the microscope 
observation an Au thin film was applied on the flat surfaces of the specimens. 
  Measurements of the electrical resistance as a function of temperature were 
performed using the four-point method in the temperature interval from 293 to 973 K. All 
measurements were done in argon atmosphere. For measurements of electrical resistance, the 
amorphous powders were pressed at 100 MPa into 3 cm long samples with cross sections of 
0.36 mm
2. 
  Mössbauer spectra of the powder material were taken in the standard transmission 
geometry using a Co
57 (Rh) source at room temperature and at 20 K. The calibration was done 
against  α-iron foil data. Computer processing yielded intensities I of components, their 
hyperfine inductions Bhf, isomer shifts δ and quadrupole splittings σ. The contents of the iron 
containing phases are given as intensities of the corresponding spectral components (phases 
with negligible iron content are not detectable by Mössbauer spectroscopy).  
  The thermomagnetic (TM) curve was measured on a weakly compacted material of a 
cylindrical shape with a diameter of 2 mm and thickness of about 1.5 mm placed in a special D.M. Minić/Science of Sintering, 38 (2006) 83-92 
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vacuum furnace. The TM measurement was done in a field of 3.98 kA/m (50 Oe) with a 
heating and cooling rate of 4 K/min. using an EG&G vibrating sample magnetometer. 
 
Fe-P amorphous powder 
 
  An amorphous Fe-P powder was obtained by electrolyzing an aqueous solution 
containing FeSO4, NaH2PO3, C2H2O4 and glycine at current density of 7 Adm
-2 , with a Cu 
cathode and a Pt anode, in flowing atmosphere of purified nitrogen whose continuous flow 
was used for stirring alectrolyte in the electrolyze[11]. Chemical analysis of the cathode 
powder obtained showed contents of 89 wt% Fe and 11 wt% P. Microscopy analysis showed 
that 97% of the particles have dimensions in the range 0.5-4.5 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. X-ray diffractograms of: (1) 
initial powder of Fe89P11; (2) initial 
powder after heating at 500
oC and 
(3) crystalline α-Fe. 
 
  Diffractograms in Fig. 1 illustrate the amorphous state of the powder electrolytically 
obtained with a low percentage of crystallinity (below 10%) (diffractogram a) and crystallized 
powder after heating at 500
oC (diffractogram b). The crystallinity was determined by 
comparing of reflection characteristics of the powder obtained with the reflection of standard 
(diffractogram c).  
 The  characteristic  α-Fe (110) peak (2θ = 44.7°) for amorphous powder has a lower 
intensity, and has broadened and shifted towards lower 2θ values (2θ = 44°). This can be 
explained by incorporation of phosphorous atoms into the iron crystal lattice, which causes its 
deformation and amorphization. 
 
Tab. I. The kinetic parameters of process crystallization of Fe89P11 amorphous alloy 
The first crystallization stage  The second crystallization stage 
The activation energy: E = 88.2 kJ/mol 
The frequency factor:Z = 1.9 10
9 min
-1 
The activation energy: E = 172.3 kJ/mol 
The frequency factor:Z = 2.6 10
13 min
-1 
Tm 
(K) 
k 
(min
-1) 
t1/2 
(min) 
Tm 
(K) 
k 
(min
-1) 
t1/2 
(min) 
600 0.417 1.66 662  0.901 0.77 
605 0.482 1.44 672  1.083 0.64 
610 0.557 1.24 678  1.423 0.49 
612 0.589 1.18 681  1.628 0.43 
Tm is the temperature of the exothermal maximum. 
  
  From DSC thermograms given in Fig. 2 for different rates of sample heating, it is seen 
that the process of thermal sample stabilization by crystallization takes place in the temperature D.M. Minić/Science of Sintering, 38 (2006) 83-92 
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range 300-500
oC. This process involve two separate stages of crystallization, indicated as step 1 
and step 2, proceeding with a change of enthalpy 14.4 and 14.6 J/g, respectively [12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. DSC termograms for different rates of sample heating. 
 
 
  Fig. 3 shows the electrical resistance change of the pressed powder during heating 
from 20 to 610
oC (two cycles) and cooling down to 20
oC. During the first heating, the 
resistance decreases, with two minimums in the temperature range 300-500
oC. The first 
resistance decrease in this case is ascribed to stabilization of the deformed structure (10% 
crystallinity) followed by a change in the amorphous phase disorder which is in connection 
with the change in the electronic structure. During the observed first minimum resistance, 
relaxation of the pressed sample is almost completed; the crystallization process takes place 
already at 440
oC and the resistance increases while the temperature is raised to 610
oC. At this 
temperature crystallization is ended and cooling to the initial temperatures takes place 
followed by a slight, almost linear, decrease in the resistance. 
 
 
Fig. 3.  Change in electrical resistance with temperature: (a) for two cycles of heating  
and cooling; (b) for the third heating sample crushed and pressed again. 
 
  In repeated heating of the same sample, crushed and pressed again, the resistance 
change is caused by stabilization of the deformed structure crystallized sample. It is seen that 
now the initial resistance is higher than in the case of the primarily pressed sample, since 
heating led to a complete crystallization and caused a higher degree of deformation. 
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Fe-W amorphous powder 
 
  Fe-W powders of different compositions were obtained by electrolyzing aqueous 
solutions containing Na2WO4, NaH2PO3, C2H2O4⋅, glycine and FeSO4 at a current density of 8 
A/dm
2 by changing the ratio of iron to tungsten but maintaining their total molar concentration of 
0.26 M in the solution [13] . Electrolysis was performed using a Cu cathode and a Pt anode in a 
stream of purified nitrogen, whose continuous flow was used for stirring the electrolytes in the 
electrolyzer at 80°C. The chemical compositions of the cathode powders obtained and marked as 
alloy 1, alloy 2, and alloy 3 are given in Tab. II. Microscopic analysis showed that 97% of the 
particles have dimensions in the range 0.5-4.5 µm.  
 
Tab. II. Compositions and structure of obtained alloys  
 
Alloy 
Fe/W 
Mass ratio  
Fe/W 
Atomic ratio 
2θ 
(°) 
d-value 
(Å) 
Crystallinity  
alloy 1  76 : 24  91.2 : 8.8  43.875  2.0619  2.66 
alloy 2  80 : 20  92.9 : 7.1  43.790  2.0657  4.93 
alloy 3  84 : 16  94.5 : 5.5  43.730  2.0684  6.66 
 
  The powder diffractograms of the alloys (Fig. 4) indicate some amorphization of the iron 
phase in the presence of tungsten. For the alloys, the α-Fe (110) peaks  have a lower intensity, 
they have broadened and shifted towards lower 2θ values than for crystalline α-Fe (2θ = 44.7°) 
(Table 2). This can be explained by interfacial regions with partial incorporation of tungsten 
atoms into the iron crystal lattice, which causes its deformation, owing to the somewhat larger 
atomic radius of tungsten.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. X-ray diffractograms of as-prepared samples of: (a)  Fe91.2W8.8, (b)  Fe92.9W7.1, 
(c) Fe94.5W5.5 D.M. Minić/Science of Sintering, 38 (2006) 83-92 
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  Exposing of the obtained alloys to annealing at the temperature up to 1200 °C during 
DTA measurement (Fig. 5) result in some structural changes above 400 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. DTA thermograms of 
Fe91.2W8.8 for heating and cooling 
cycles in argon flow. Measured 
with the heating rate of 20 K/min. 
 
  As can be seen from Fig. 6, representing the Mössbauer spectra, the prevailing 
paramagnetic part is formed by LA1 and LA2 singlets and DA1 and DA2 doublets. The 
singlets were ascribed to γ-Fe particles [14]. The doublets together with SA5 and SA6 sextets 
were identified as the amorphous phase indicated in the X-ray diffractogram. 
 
 
Fig. 6. Mössbauer spectra of the as prepared Fe91.2W8.8 taken at room temperature (above) and 
at 20K (see detail on right) and after thermomagnetic curve measurement (below). 
Components belonging to iron-rich (A) and tungsten-rich (B) phases are depicted (see tab. III 
for labels). D.M. Minić/Science of Sintering, 38 (2006) 83-92 
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  The intensity and the components of the paramagnetic part remain stable up to 20K, 
except a temperature shift and a slight change in the quadrupole splitting. It indicates that the 
paramagnetic part does not represent small superparamagnetic particles. Even the γ-Fe phase 
did not transit from a paramagnetic to antiferromagnetic state in our sample by cooling down 
to 20 K unlike the γ-Fe precipitates in a Cu matrix. The magnetic part represented by SA1–
SA4 sextets cannot be simply ascribed to a crystalline α-Fe(W) solid solution identified in the 
X-ray diffraction. The distribution of their partial intensities does not fit the values expected 
for a homogeneous solid solution of 8.8 at.%W in bcc Fe. This can be caused by overlapping 
of the α-Fe(W) components with other components of the magnetic ordered amorphous phase 
in the Mössbauer spectrum. The composition of the ferromagnetic phase also remains stable 
after cooling down to 20 K. 
After the heat treatment during measurement of the thermomagnetic curve, an increase in 
the intensity of the magnetic part at the expense of the paramagnetic one was observed. The 
distribution of its SB1-SB3 components is close to a solid solution of W in α-Fe. The content 
of W can be estimated by comparison with a model of a solid solution in bcc α-Fe to approx. 
3 at.%. The components of the paramagnetic part DB1, LB1, and DB2 were ascribed to the W 
(Fe),  λ-Fe2W, and Fe
2+ phases, respectively. The result of the Mössbauer phase analysis 
shows that during annealing decomposition takes place and the detected phases agree with 
those in the equilibrium Fe-W phase diagram. The λ-Fe2W found in our crystallized sample is 
paramagnetic down to 20 K. 
 
Tab. III.  Parameters derived from Mösbauer spectra of the as-prepared powder and of the 
sample after measurement of the TM curve 
Component I 
 
δ 
[mm/s] 
σ 
[mm/s] 
Bhf 
[T] 
ΣI  Phase 
As-prepared powder 
SA1 0.04 
±0.01 
0.09 
±0.01 
0.05 
±0.01 
32.94 
±0.08 
SA2 0.05  0.21  0.13 30.01 
SA3 0.06  0.01  0.21 26.67 
SA4 0.07  0.18  0.07 23.84 
0.22  α-Fe(W) + 
amorphous phase 
SA5 0.05  -0.05 0.07 18.47 
SA6 0.07  0.29  0.43  6.32 
DA1 0.24  0.13  0.51  — 
DA2 0.10  0.49  0.42  — 
0.46  amorphous phase + 
interfacial regions 
LA1 0.20  -0.09  —  — 
LA2 0.12  0.21  —  — 
0.32  γ-Fe 
Powder after heat treatment 
SB1 0.51  0.00  0.00 33.16 
SB2 0.04  0.02  0.01 30.37 
SB3 0.04  -0.01 0.01 28.58 
0.59  α-FeW 
DB1 0.20  0.02  0.35  —  0.20  W(Fe) 
DB2 0.11  0.90  0.98  —  0.11  Fe
2+ 
LB1 0.10  -0.24  —  —  0.10  λ-Fe2W 
 
  The TM curve (Fig. 7) reflects some structural changes during the heating of the sample, 
especially above 500°C. The sharp increase in the magnetic moment can be ascribed to 
crystallization of the amorphous phase and decomposition into an iron-rich α-phase and W rich 
phases that enlarge the total magnetic moment of the sample. The small bulge above the 
temperature of 200 °C corresponds to the shape of the DTA curve and can be explained by D.M. Minić/Science of Sintering, 38 (2006) 83-92 
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relaxation of the amorphous structure and/or an annihilation of defects. The Curie temperature 
derived from the curves by increasing and decreasing temperatures is approximately 755  °C 
indicating some low amount of W in the α-Fe(W) solid solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Thermomagnetic curve of Fe91.2W8.8 measured at 3.98 kA/m (50 Oe) with the heating and 
cooling rate of 4 K/min.  
 
 
Ni-P amorphous powder 
 
  The Ni-P powder was obtained by heating an aqueous solution containing NiSO4, 
NaH2PO3, CH3COONa and CH3COOH[15]. It  was found that the powder consisted of 82 wt% 
Ni and 18 wt% P. Microscopic analysis showed that the powder contained 90% particles 
dimensions in the range 0.5-1 µm. 
  X-ray diffractograms (Fig.8) shows that the powder obtained is almost amorphous 
showing signs of crystallization (diffractogram a). Increasing of the temperature leads to 
crystallization and formation of a new Ni3P phase, diffractograms b and c.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. X-ray diffractograms of the powder Ni82P18 alloy: (a) initial powder; (b) powder 
heated at 350
oC; (c) powder heated at 550
oC. D.M. Minić/Science of Sintering, 38 (2006) 83-92 
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  DSC thermograms in Fig. 9 show that the process of crystallization takes place in two 
separate stages whose crystallization parameters are presented in Tab. IV. 
   
 
 
 
 
 
 
 
 
 
 
Fig. 9.  DSC thermogram of the Ni82P18 powder alloy;  heating rate 25 K/min 
 
 
Tab. IV. Kinetic and thermal parametars of the crystallization process of Ni82P18 amorphous           
    alloy 
 
Step 
T 
K 
∆H 
J/g 
E 
kJ/mol
 
k 
min
-1 
Z 
min
-1 
1 622  45.2  268.0  2.03  2.38  10
22 
2 699  12.5  154.0  0.95  3.41  10
12 
 
 
Conclusion 
 
  It was shown that electrochemical and chemical synthesis are appropriate, simple and 
fast methods for obtaining amorphous alloys based on ferrum.  The obtained powders are 
stable in a wide range of temperatures, although by heating above 300ºC they are stabilized 
by a phase transformation including crystallization. These structure changes cause the change 
of typical physical processes too, which can be followed during their heating. 
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Садржај: У овом раду систематски су обрађени проблеми аморфизације и релаксације 
аморфних  супстанци.  Посебна  пажња  посвећена  је  анализи  својстава  аморфних 
метала  и  њихових  легура,  нарочито  оних  на  бази  гвожђа.  Даље,  разматрана  је 
термичка  стабилност  ових  материјала  и  кинетика  термичке  стабилизације  услед 
њихове  кристализације.  Испитиване  су  структурне  трансформације  везане  за 
структурну  стабилизацију  ових  материјала  мерењем  њихових  електричних  и 
магнетних својстава у ширем температурском интервалу. 
Кључне речи: Аморфни метали, аморфне легуре, термичка стабилност, електрична 
својства, магнетна својства, структурна релаксација. 
 